Spin assignments of levels in N=82 nuclei by means of the (⁷Li, ⁶He) reaction by Clark, Peter David
SPIN ASSIGNMENTS OF LEVELS IN N = 82 NUCLEI
BY MEANS OF THE (7Li,6He) REACTION
by
Peter David Clark
A thesis submitted for the degree of 
Doctor of Philosophy 
at the Australian National University
Canberra, March 1981
A ,  LIBRARY H
PREFACE
This thesis describes work done at the Department of Nuclear 
Physics, The Australian National University, using beams of lithium 
ions provided by the University's 14UD pelletron accelerator.
The project was suggested by Drs A.F. Zeller and T.R. Ophel. I 
was assisted in the collection of experimental data during the course 
of this project by Drs T.R. Ophel, A.F. Zeller, J.S. Eck,
J. Nurzynski, C.H. Atwood, D.F. Hebbard and D.C. Weisser. The data 
analysis was performed by myself using the tape sorting programs 
available on the HP 2100 computer. The theoretical DWBA calculations 
were also performed by myself using an existing program on the UNIVAC 
1108 computer.
Much of the work reported in this thesis has appeared in the 
following publications:
"Spin assignments from the 138Ba (7Li,6He)139La and 
140Ce (7Li,6He)1L3Pr reactions at 52 MeV"
P.D. Clark, T.R. Ophel, J.S. Eck, A.F. Zeller, J. Nurzynski, 
D.C. Weisser and D.F. Hebbard 
Al u d .  Phys. A349 (1980) 258.
"Spin assignments from the 142Nd(7Li,6He)143Pm and 
144Sm(7Li,eHe)145Eu reactions at 52 MeV"
P.D. Clark, T.R. Ophel, J. Nurzynski, C.H. Atwood and 
D.F. Hebbard
Nucl. Phys. A352 (1981) 267.
No part of this thesis has been submitted for a degree at any 
other university.
P o. tU k
P.D. CLARK
Canberra, 
March 1981
iii
ACKNOWLEDGEMENTS
I would like to thank Professor J.O. Newton for providing the 
opportunity for me to work in this laboratory during the past three 
years.
I would also like to thank my supervisor, Dr T.R. Ophel, for his 
valuable supervision and assistance during the course of this project. 
This includes offering much helpful criticism on the draft of this 
thesis.
My thanks also go to Drs A.F. Zeller, J.S. Eck, J. Nurzynski,
C.H. Atwood, D.F. Hebbard and D.C. Weisser, all of whom assisted at 
various stages in the running of the experiments.
I am grateful to Mr A. Muggleton for his preparation of the rare- 
earth targets; to Dr I.G. Graham for his assistance in the computing 
field; to the technical staff for their maintenance of the 14UD 
accelerator; to Mr G. Clarkson and Mr G. Gilmour for their assistance 
with the photography, and to Ms N. Chin for her skillful typing of 
this thesis.
I would like to acknowledge the financial assistance of an A.N.U. 
post-graduate scholarship, for which I am most thankful.
Finally, I would like to thank my wife, Libby, for her support
during the course of this work.
iv
ABSTRACT
Angular distributions have been measured for transitions to low- 
lying states in 139La, 141Pr, 143Pm and 145Eu populated by the 
138Ba(7Li,6He)139La, 14°Ce(7Li,6He)14XPr, 142Nd(7Li,6He)143Pm and
1 4 4Sm (7Li , 6He) 1 4 5Eu reactions at E.7T .N =52 MeV.( Li)
The purpose of the measurements is to assign spins to the low- 
lying states of the final nuclei by means of the forward angle j- 
dependence which is demonstrated by the ( Li, He) reaction and 
confirmed by DWBA calculations.
The DWBA calculations provide a reasonable overall account of the 
measurements and yield relative spectroscopic factors which agree well 
with available (3He,d) results.
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CHAPTER 1
INTRODUCTION
The nuclear shell model is an extension of the independent
particle model in which each nucleon is assumed to move independently
in a potential that represents the average interaction with the other
nucleons in the nucleus. Before 1945 progress in the development of
the nuclear shell model was rather slow due mainly to the failure of
the model to reproduce binding energies, which were the most
extensively investigated data at that time. In 1949, Mayer^ and
2 )Haxel, Jensen, and Suess, independently postulated the addition of 
strong spin-orbit term to the single-particle potential. After this 
addition, the usefulness of the shell model in correlating many 
experimental data began to be widely accepted. Since then, with 
improvements in experimental techniques, a much larger amount of 
experimental nuclear data has been accumulated. At the same time the 
shell-model methods used to interpret these data have been developed 
much further, with the advent of high speed computers.
Two major problems are encountered in the study and description 
of nuclei which are systems of many protons and neutrons held 
together by the nucleon-nucleon interaction. Firstly, it is a many- 
body system one wishes to describe, but it is known that even the 
classical three-body problem is not exactly soluble. Therefore one 
has to employ an approach in terms of perturbation theory. Secondly, 
the exact nature of the nucleon-nucleon interaction is not known.
2The systematic examination of the variations of many nuclear 
properties from one nucleus to the next throughout the periodic table 
shows evidence of anomalies whenever the neutron or proton number N or 
Z has the values^8, 20, 28, 50, 82, 126, . .., the so-called magic 
numbers. This suggests that nuclei, like atoms, possess some sort of 
shell structure, so that it is meaningful to consider each nucleon as 
following a motion specified by a particular set of quantum numbers in 
the field of remaining nucleons. This field can be represented by a 
one-body potential with central and spin-orbit terms.
The nuclear shell model in its simplest form is then obtained by 
superposing two potential wells, one for protons and one for neutrons, 
and filling the states of each potential with nucleons starting with 
the lowest state and subject to the restrictions imposed by the Pauli 
exclusion principle. Each nucleon is characterized by four spatial 
quantum numbers, the total quantum number N (equal to the number of 
nodes, including the node at the origin in the radial wave function), 
the total angular momentum J, the orbital angular momentum L, and the 
magnetic quantum number M. Each level can contain at most (2J +1) 
protons and (2J +1) neutrons, corresponding to all possible allowed 
values of the z component of the total angular momentum J. Each 
nucleon also has a spin quantum number S that can take the values ±h. 
The vector addition of angular momenta gives J = L ± ^ , and, since the 
potential depends on the spin-orbit interaction, the states having 
different J values corresponding to the same L have different energies.
The ground state of a nucleus is represented in the shell model 
by the filling of the appropriate potential with protons and neutrons.
A complete shell of neutrons or protons behaves as a relatively inert 
core, and all its nucleon spins couple to zero. The spin of the
3nucleus is thus determined by the vector coupling of the spins and 
orbital angular momenta of the nucleons outside the closed shells, and 
even without any detailed calculation of the most stable coupling this 
sets limits on and frequently fixes the nuclear spin.
Excited states of nuclei are formed when the nucleons are 
recoupled in less stable ways, and when one or more of them are raised 
to higher shell-model states. The structure of nuclei consisting of 
closed neutron and proton shells plus one extra nucleon is thus 
particularly simple, as the lower excited states are formed by the 
excitation of this one nucleon to the available shell-model states.
The nuclear reactions most frequently used to study single­
particle nuclear states are naturally those that involve the transfer 
of a nucleon either to or from a nucleus. In the former, one nucleon 
is stripped from the incoming projectile when it passes the target 
nucleus and in the latter, one nucleon is picked up by the projectile. 
These reactions can thus be written as
A + a B + b or A (a ,b) B , 1.1
where A denotes the target nucleus, a the projectile, B the final 
nucleus and b the outgoing particle. For a single-particle transfer 
reaction the mass numbers of A and B, and of course also of a and b, 
differ by one unit.
When the single-particle transfer takes place with a minimum of 
rearrangement of the nucleons in the nuclei involved, one speaks of a 
direct reaction. This process differs from a compound-nucleus 
reaction, where first an intermediate nucleus is formed, which then 
after the rearrangement of nucleons, decays by emission of a 
(composite) particle. Often one can distinguish experimentally
4between compound-nucleus reactions and direct reactions. For direct 
reactions the cross-section exhibits a bell-shaped form, with 
oscillatory structure at angles less than the main peak. The cross- 
section is also not very sensitive to the energy of the incoming 
projectile. These do not hold for compound-nucleus reactions, where 
the excitation functions show very marked fluctuations, and the 
energy-averaged cross-sections are symmetrical about 90°.
In nucleon transfer reactions between heavy ions the transferred
particle is rarely in an s state, whereas for the corresponding
reactions initiated by light ions it is nearly always in an s state.
When the transferred particle is in a higher state, there are strong
j-dependent effects, final states with j^ = j> = L + ij being
preferentially populated relative to final states with j^=j< = L - i5.
These j-dependent effects are valuable spectroscopic tools and do not
3)occur when the transferred particle is in an s state.
The most familiar example of a light-ion reaction which produces
j-dependent effects is the (d,p) reaction. This is a different form
of j-dependence to that described previously. It occurs at back
angles and arises from the spin-orbit coupling in the proton and
4)deuteron distorted waves. The plane-wave Born approximation theory 
5,6)of Butler ' showed that a measurement of the proton angular 
distribution from a (d,p) reaction could determine the orbital angular 
momentum transferred to the residual nucleus. This immediately 
indicates the parity change in the reaction, and often provides useful 
restrictions on the spin of the final state.
Additional nuclear structure information can be obtained from the 
intensities of the observed proton groups. The (d,p) reaction is 
highly selective, strongly populating those states in the residual
5nucleus that can be obtained by simply adding a neutron to the ground 
state of the target nucleus. Several single-particle orbitals may be 
available for the captured neutron, and the degree to which a residual 
state satisfies this condition for a particular single-particle 
orbital (£,j) is called its spectroscopic factor C2S(£,j) for that 
orbital. The C S(£,j) is unity if the state exhausts the single­
particle strength, as would occur in capture by a closed shell nucleus 
into a pure single-particle state. The use of spectroscopic factors
to obtain nuclear structure information has been discussed in
7)considerable detail by Macfarlane and French.
The early plane-wave stripping theory was remarkably successful 
as a tool for identifying £ values from measured (d,p) angular 
distributions from light nuclei, and even gave good fits to the shape 
of the main peak in the angular distribution. However, it was soon
g ^noted that the predicted absolute cross-sections were frequently too 
large by an order of magnitude or more. As experimental data for 
heavier nuclei became available, it became clear that the angular 
distributions also deviated considerably from the expectations of the 
simple theory, and that distortion due to the Coulomb field was 
important. We now know that distortion by nuclear scattering and 
absorption is always important, so a plane-wave theory is not a good 
approximation.
It was proposed that the interaction could be more accurately
9)described by the distorted-wave Born approximation (DWBA). The DWBA 
theory takes account of the scattering and absorption of the incident 
deuteron before stripping, and of the emergent proton, by replacing 
the plane waves by distorted or elastic scattering waves. In practice, 
these are generated by optical-model potentials that reproduce the
6observed elastic scattering from the same nucleus at the same energy, 
and whose parameters are thereby determined. Considerable effort has 
gone into the exploitation of this theory, and the numerous 
comparisons'*’^  with experimental data suggest that quantitatively
accurate predictions are possible.
To study proton particle configurations, the light-ion reactions 
(d,n), (3He,d) and (a,t) have been frequently used. The (d,n)
reaction should be ideal for this purpose since the configuration of 
the incident deuteron is better understood. However, the experimental 
difficulties involved in high resolution neutron detection have 
resulted in the other two reactions being studied more extensively.
The (a,t) reaction has a large negative Q-value for most targets, 
hence at bombarding energies of less than 30 MeV, levels of larger 
orbital momentum are preferentially populated. The shapes of the 
angular distributions are often not well described by the DWBA in this 
energy range. The ( He,d) reaction does not suffer from either of 
these problems, and has thus become the most common light-ion reaction 
used in the study of proton particle states.
The three light-ion reactions mentioned above are similar in that 
the proton to be transferred is considered to be predominantly in a 
relative s-wave orbit in the projectile. In recent years, heavy-ion 
induced single-nucleon stripping reactions have been the subject of 
increased study in an attempt to extract spectroscopic information 
complementary to that obtained from the light-ion reactions. Most of 
the studies have been done with 160, 14N and 12C projectiles. These 
reactions are interesting because of the opportunity to study the 
transfer reaction when the nucleon to be transferred is in a relative 
p-wave orbit in the projectile, and hence where there are strong
7forward angle j-dependent effects.
An important experimental drawback to these heavy-ion reactions 
is the poor resolution generally obtained. This has limited most of 
these studies to just a few states in the residual nucleus or to 
residual nuclei where the level spacing is large. When Li is used as 
the projectile, the experimental difficulties are diminished while the 
theoretically important p-state motion between the transferred proton 
and its core in the projectile is retained.
7 6 ^ \The ( Li, He) reaction shows marked j-dependent effects for 
reactions to p, d and f states. For this reaction the transferred
7proton comes from the 9^^ /2 orkit i-n Li so that the vector equation 
for the angular momenta is 3/2 + L = j, where L is the orbital angular 
momentum of the transferred proton and j the spin of the final state. 
If for example j =3/2, then L can be 0, 1, 2 or 3. If the final state 
has orbital angular momentum L^, then j can be L^ ±-2 and the possible 
values of L are L=L^ or L^ ±1. The relative proportions of these 
that contribute are given by the Racah coefficient W(L^ jx 3/2; 1/2 L) 
and it turns out that the components L = L^ and L = L^ - 1 are much more 
important for the states with j = Lf + h than those for j = L^-h.
This is shown very clearly by the angular distribution for the
24Mg(7Li,6He)25A1 reaction"^ at 34 MeV to ^^/2 ^5/2 states
25 5 2 7 6 5 3Al. A similar comparison is also given for the Cr( Li, He) Mn
reaction*^ to ^r/2 an<^  ^7/2 sta^es an 53wn* The 48Ca(?Li,6He)49Sc 
2 2 )reaction at 34 MeV, was shown to distinguish between p  ^ an<^  -^ 1/2
states and also between f and f states. Similarly, forward7/2 5/2
angle j-dependence has been used to distinguish P^/2 states from 9-^ /2
states, and f_ . states from f_ . states in Ga via the 1/2 5/2
64Zn(7Li,6He)65Ga reaction. The 62Ni ( 7Li,6He)63Cu reaction^^ at
834 MeV permitted a clear distinction between p  ^anc^  ^\/2 ^ na-*- state 
configurations when very forward angle data were taken.
7Until recently the energy of available Li beams from FN and MP
type accelerators, with terminal potentials of 9-10 MV, has limited
the study of nuclei to those with Z <40, since beyond that region, the
resulting bell-shaped angular distributions have only limited
9 1spectroscopic usefulness. Nb was the heaviest final state nucleus
to be studied using an FN tandem, when the 90Zr(7Li,6He)9*Nb 
25)reaction was studied at 34 MeV. With the advent of higher energy
machines, such as the 14UD Pelletron, nuclei with higher Z may be
studied. The 118Sn(7Li,6He)119Sb reaction“^  at 48 MeV distinguished
between d_ and d_ states. Forward angle j-dependence has been 5/2 3/2
shown to be of considerable value in complementing light-ion induced 
reactions, which are sensitive only to the £ of the final state.
7 6In the present work, the ( Li, He) reaction on N =82 isotone
targets has been studied at an incident Li energy of 52 MeV. Targets
of 138Ba, 140Ce, 142Nd and 144Sm have been used. The most general
27)tenets of the nuclear shell model indicate that systems of 50 and
82 nucleons each constitute unusually tightly bound (and hence stable)
aggregates. In this formulation, the protons which are added in
excess of Z = 50 occupy single-particle orbits in the average shell-
model potential which are characterized by the quantum numbers
2d , 3s. , 2d_ . and lh . . In the present experiments, the5/2 1/2 3/2 11/2
residual nuclei 139La, 141Pr, 143Pm and 145Eu have 82 neutrons and 57, 
59, 61 and 63 protons respectively so that these single particle
7 6states should be strongly populated by the ( Li, He) reaction. In 
particular, forward angle j-dependence can be used to distinguish 
between d^.^ an<3 ^3/2 s^a^es*
9The optical model parameters which describe the elastic 
scattering in the initial and final channels are essential ingredients 
in the DWBA theory of direct nuclear reactions. The measurements of 
the elastic scattering in both the entrance and exit channels at the 
appropriate energies are a prerequisite to the analysis of the 
reaction itself.
Because the experiments described here have many similarities 
with respect to both the measurement and analysis of the data, each 
chapter of this thesis describes a particular aspect of the work as it 
applies to all four target nuclei. Thus, chapter 2 describes the 
experimental details and data reduction for all the ( Li, He) 
reactions, and 7Li and 6Li-elastic scattering measurements. Chapter 3 
presents the optical model concepts and the DWBA theory. The optical 
model is presented quite extensively because of its importance in the 
DWBA calculations. Chapter 4 presents all the experimental angular 
distributions and discusses the DWBA analysis and optical model 
parameters used in the calculations, as well as the spectroscopic 
factors obtained from the analysis. Finally, the general results and
conclusions of this work are presented in chapter 5.
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CHAPTER 2
EXPERIMENTAL PROCEDURE
2.1 EQUIPMENT
All the experiments described here were carried out using 
essentially the same experimental equipment and techniques. These 
procedures are discussed below, together with some additional 
apparatus and methods used for specific purposes.
2.1.1 Accelerator and Ion Source
r —A General Ionex sputter source was used to obtain beams of Li 
and Li for injection into the Australian National University 14UD 
Pelletron accelerator. In this source, a cesium beam bombards a 
lithium cone and sputters negatively charged lithium ions which are 
extracted for injection into the accelerator. The lithium ions used 
in these experiments were fully stripped at the middle of the 
accelerator by carbon foils, for the final portion of the acceleration.
The 14UD Pelletron accelerator has been described in detail by 
28)Ophel et at. The beam energy was accurately determined by a 90°
bending magnet, the field of which was measured with a nuclear
magnetic resonance (NMR) probe. Before entering the target chamber,
29)the beam passed through a variable collimator consisting of four 
wheels, each having six different sized apertures which could be
rotated into the beam. Sufficient collimation of the beam is required
11
to minimize any effect on the resolution of the detection system. The 
collimator sizes used were 3><1 mm, 5 x 2 mm, 3 x i mm and 5 X 2 mm, 
giving a beam size of 3 x 1 mm. The collimators were 10 cm apart, and 
with this system slit scattering was negligible. Beam currents of up 
to 300 nA of 6Li+3 and 7Li+3 were obtained on target.
2.1.2 Targets
Isotopically enriched targets were prepared in one of two ways. 
For 138Ba targets, a charge of Ba(N03)2 was placed in a molybdenum 
boat covered with a tantalum gauze and converted under vacuum to Ba 
metal. The Ba was deposited onto thin carbon backings. 140Ce, 142Nd 
and 144Sm targets were made by reducing oxide powder with thorium 
under vacuum. This process, described in more detail in Ref. 30, 
involved mixing powdered thorium with the oxide and heating the 
mixture in a tantalum boat. The reduced metal evaporates onto thin 
carbon foils.
The isotopic composition of the target materials as given by the
JL
supplier is shown in table 1. 139La and 143Pr targets were made by
vacuum evaporation of natural 139La and 141Pr onto thin carbon 
backings.
All targets proved to be extremely fragile and many ruptured 
before they could be removed from the vacuum system in which they were 
prepared. Others broke whilst standing in vacuum storage, although 
fortunately, at least one target of each material survived both 
preparation and beam bombardment. All targets were contaminated with 
a heavy element, either Ta (Ba target) or Th (Ce, Nd and Sm targets),
t Oak Ridge National Laboratory, Tennessee, U.S.A.
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during target making. These rare earth targets are extremely reactive 
and oxidize quickly, therefore they were stored under vacuum.
oTargets of ~ 150 yg/cm would have been acceptable with respect 
to resolution, i.e. for 52 MeV 7Li ions to have an energy loss of 
50 keV; however, uniform targets of this thickness proved impossible 
to make. Thicknesses of the isotopically enriched targets, together 
with carbon backing thicknesses are shown in table 2. The relatively 
thick carbon backing for the 142Nd target produced appreciable 13C 
contamination problems, and these will be discussed in chapter 4.
TABLE 2
Target thicknesses
1 3 8Ba 23 yg/cm2 + 12C 6 yg/cm'
1 4 °Ce 39 yg/cm2 + 12c 10 yg/cm
1 42Nd 19 yg/cm2 + 12c 2 3 yg/cm'
1 4 4Sm 225 yg/cm + 12 c 14 yg/cm'
2.1.3 Target Chamber
A plan view of the target chamber and collimator box is shown in 
figure 1. The targets are side-loaded through a vacuum lock into one 
of two positions on a ladder. The target ladder is surrounded by a 
copper shroud which is maintained at near liquid nitrogen temperature 
by means of an N2 dewar located on top of the target chamber. The 
cold shroud has been found to be extremely effective in preventing 
carbon build-up on the targets and the Faraday cup. Effective target 
cooling also occurs, allowing significantly higher beam currents than 
otherwise possible.
Two monitor detectors are mounted on the fixed platform within
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the chamber, at 15° and 30° with respect to the beam, although only 
one monitor was in use at any one time. The monitor is cooled to some 
extent by the cold shroud, resulting in a decrease of leakage current 
within a few hours.
The acceptance of the spectrometer is defined by a slit system 
which allows independent horizontal and vertical adjustment of the 
entrance aperture by means of a set of fixed apertures ranging from 
about 0.1 to 5 msterad. For the transfer reaction data, a slit system 
of 3h° vertical by 1° horizontal corresponding to ~ 1 msterad, was 
used.
2.1.4 The Enge Spectrograph and
Focal Plane Detection System
2.1.4.1 Introduction
The elastic scattering and transfer reaction products were
detected by the Enge split-pole magnetic spectrograph and focal plane
detection system. The spectrograph consists of two separate pole
pieces enclosed within a single coil (figure 2). The magnetic field
is measured and stabilized by a system based on the NMR principle.
Double focusing is achieved over a wide momentum range by shaping of
the four fringing fields associated with the poles. In addition, the
focal plane detection system can be positioned to compensate for
kinematic broadening, since each reaction has a different focal plane
tposition. The calibrated computer program ZENG4 calculates the focal 
plane detector position for optimum focus on the first position wire,
for a particular reaction. Detailed accounts of the spectrograph have
31) 32)been given by Enge and Spencer and Enge.
f Written by Dr. T.H. Zabel.
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Two different focal plane detection systems were used in the work
reported in this thesis. The first and most frequently used detector
was an ionization-type focal plane detector, the design of which
33)followed closely that developed by Erskine et at. and Shapira et 
34)al. The second detector used was a gas counter with a position-
sensitive detector. Both detectors are described in detail in the 
next two sections.
In general, detection at the focal plane requires some form of 
identification since all particles with a given magnetic rigidity 
Bp = /M.E/q2 are deflected to the same position on the focal plane. 
Ideally, the detector should be capable of measuring the total energy 
(E) of each particle and its rate of energy loss (AE) in addition to 
determination of position at the spectrograph focal plane.
At present, only nuclear emulsions are capable of the ultimate 
position resolution and, in principle, they also allow adequate 
determination of the other parameters. Since the spectrograph was 
designed for emulsion use, the mean angle of entry to the focal plane 
is about 45°, which limits the resolution which can be attained by on­
line electronic techniques.
2.1.4.2 The ANU focal plane detector
This focal plane detector has been described by Ophel and 
29 35)Johnston. ' The detector consists of a doubly-gridded ionization 
counter with a multi-element anode structure, and is shown in figure 3.
Incident ions enter the detector through a thin entrance window 
and are stopped in the gas volume within the central part of the 
counter, producing about 106 electrons and positive ions along the
18
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Figure 3* Cross-section of the focal plane detector
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particle path. An electric field causes the electrons to drift upward 
toward the grid structure and the anode planes, where various signals 
are generated. The shaping-time constants used in the pulse 
amplifiers are chosen such that the output signals depend only on the 
electron movement. This is possible since the drift velocity for 
electrons is 3 - 5 cm/ys, whereas the positive ions move about a 
thousand times slower. Six pieces of information can be measured by 
the counter for each incident ion: position along the focal plane,
angle of incidence, total energy, AE along two regions of the 
particle's path in the detector and identification of particles not 
stopped fully within the gas.
The position of the incident ion along the focal plane is
measured by a resistive-wire proportional counter which is embedded in
the anode plane. The position information is extracted by means of
36)the rise-time difference technique of Borkowski and Kopp. The
anode wire is actually a carbon-coated quartz filament, 76 ym in 
diameter with a resistance of 1700 Q/mm, which with the amplifier time 
constants used gives a spatial sensitivity of ~ 10 nsec/mm. The wire 
labelled "POSITION" in figure 3 is arranged to lie along the focal 
surface of the magnetic spectrograph. The anode wire is 73.4 cm long 
from support to support, which gives about 53 cm of useful distance 
along the focal plane. A second resistive-wire proportional counter 
at a distance of 4.4 cm from the first is used to measure the position 
a second time and thus determines the angle of incidence at the 
detector. The AE signals labelled AEj and AE2 are derived from the 
electrons collected by the two electrodes in the anode plane; the 
operation of this part of the detector is thus that of two gridded
ionization chambers.
20
The total-energy signal E^o1_ is measured by the use of the
34)double-grid technique of Fulbright. This technique depends on an
extra grid which is a.c. coupled to the cathode so that the region in 
which incident ions are stopped forms essentially a Faraday cage. No 
signal will appear until electrons from the primary ionization event 
drift beyond grid 1. After all electrons have drifted past grid 2, 
the charge collected by the preamplifier is proportional to the total 
energy of the incident ion.
The electrode structure is contained within an aluminium box 
122 cm long, 10 cm high and 15.2 cm deep, which has an effective 
entrance slit 52 cm long and 1.6 cm high. The box is vacuum-tight and 
contains the counter gas, isobutane. This gas has a number of 
advantages over the argon-methane (90/10) mixture which is another 
common counter gas. The combination of the higher molecular weight 
and the lower average nuclear charge makes isobutane about 2.75 times 
more effective than argon-methane at a given gas pressure for stopping 
ions in the counter. This means that the gas pressure can be reduced, 
with an important corresponding reduction in the thickness of the 
entrance window. Hence, multiple scattering in the window is reduced 
and better position resolution is achieved.
Another important advantage of isobutane is that for the same 
energy loss, multiple scattering is smaller than for argon-methane by 
a factor of about 1.9 (ref. 33). Multiple scattering affects the 
position resolution measured by the second proportional counter (P2) 
and thereby limits the angular resolution which can be obtained with 
the counter in the measurement of the angle of incidence. Multiple 
scattering also degrades the AE resolution in the present counter 
design, in which the ions are incident at about 45°, although this
21
effect is only minor.
One of the important features of the counter is the clean 
geometry. Ions do not strike any wires or foils other than the 
entrance window. This feature is especially useful for use with heavy 
ions of high specific energy loss. The entrance window consisted of 
clear mylar foil, usually 3.75 ym thick, however' on some occasions a 
thicker window, ~ 5.0 ym, was used.
2.1.4.3 Gas counter with position-sensitive detector
This detector, shown in figure 4, consisted of a small gas 
counter to measure the rate of energy loss, backed by a position- 
sensitive surface barrier detector which measured the total energy of 
the particle and, by means of a resistive-backing, determines the 
position of entry. The position-sensitive angle wire, shown in figure 
4, was not required in these experiments. To improve position 
resolution (by way of reducing multiple scattering) the detector was 
used without gas or a window. Hence the AE measurement was not made, 
and the only signals derived from the detector were the total energy 
and position. These signals were sufficient to identify the particles 
of interest, and this is shown clearly in section 2.2. The position- 
sensitivity is achieved by the method shown in figure 5. For a 
particle of given energy incident on the detector, a pulse related to 
the particle energy, V , is obtained at the front contact C. The back 
contacts however are made via a resistive strip evaporated on to the 
detector surface and the pulse height at B then depends on the lateral 
coordinate x according to the relation:
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where Z = 5 cm for this detector. The detector was mounted collinear 
with the focal plane so that the ions entered at 45° to the detector.
2.1.5 Electronics
2.1.5.1 ANU focal plane detector
A diagram of the electronics within the detector box is shown in 
figure 6 and a block diagram of the associated electronics in figure 7. 
The signals derived from the detector are:
(1) the total energy (E, ,) from the cathode and the first grid.tot
(2) the energy losses AEX and AE2,
(3) the position (Px) at wire 1 which is set along the focal 
plane,
(4) the position (P2) at wire 2; the difference between P and 
P2 determines the angle of entry,
(5) a veto signal V from wire 3.
The signals from the resistive anode wires were amplified by
voltage-sensitive preamplifiers, Tennelec Model TC 112. The combined
signal from the cathode and grid 1 (the total energy signal), as well
as the AE signals, were amplified with charge-sensitive preamplifiers,
Ortec Model 125. The Pj signals, after further amplification by
Tennelec Model 203 linear amplifiers, provide a linear measure of the
distance along the wire by means of a time-to-amplitude converter
(TAC) which measured the rise-time difference between signals from
opposite ends of anode wire 1. Similarly, a second TAC derives the
position information from anode wire 2. A third TAC can be used to
obtain the position information from anode wire 3, should this wire be
in use. Since the position information from the two wires, Px and P2,
may not be ready until as much as 40 us after the arrival of the Et^ot
25
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Figure 7 Block diagram of electronics associated with the detector
27
and Ae signals, linear gate and stretchers set in the strobe mode were 
used to store the E^^ and AE signals until the TACs had completed 
conversion.
2.1.5.2 Gas counter with position-sensitive detector
A block diagram of the associated electronics is shown in figure 
8. The signals obtained from the detector are:
(1) the energy (E) of the particle,
(2) a position signal (P).
The signals (E) and (P) from the position-sensitive surface 
barrier detector, were preamplified by Ortec Model 125 preamplifiers 
and then amplified by Tennelec Model TC 203 linear amplifiers. The 
position signal (P) of an incident particle is measured as P=E.x/£. 
From the ratio of the two signals, an Ortec position-sensitive 
detector analyzer provided an output related to actual position, i.e.
P _ E. x _ x 
E ~ £.E ~ £
and this removed the energy dependence from the position.
2.2
2.2 ANALYSIS OF FOCAL PLANE DETECTOR DATA 
2.2.1 Introduction
The focal plane detector may be operated in one of two ways. In 
the "heavy-ion" mode, the ion species of interest are stopped in the 
detector gas. In this instance, five parameters are normally 
recorded, viz. E, AEj, AE2, Pj and P2 (with the veto pulse as an 
option) .
For light-ions, however, the gas pressure required to stop the
28
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ion species in the detector is too high for the thin mylar window 
(3.75 ym) to withstand. For instance, to stop 50 MeV 5He ions in the 
detector, a gas pressure of 3300 Torr would be required. Use of a 
thicker window would increase multiple scattering thereby decreasing 
the position resolution. More importantly, the voltage (V) supplied
to the position wires must be increased also to maintain a constant
, 29)V/P ratio. Measurements have been made with gas pressures of
400 Torr where the required voltage was 3100 volts. Even at this
relatively low pressure, the likelihood of spark damage to the
preamplifiers makes such operation unreliable. Hence the detector is
operated in the "light-ion" mode, which means that a gas pressure of
200 Torr is used and the ions lose only a small fraction of their
total energy while traversing the detector. In this instance, only
three parameters are recorded, viz. AE, Px and P2, where AE is in fact
the E, , signal derived from the cathode, tot
2.2.2 Particle Identification
Usually identification is based on the relations:
(1 ) (Bp)
since
and
(Px)
Etot
qBp
2.3
E = pV2M ,
where p is the radius of curvature of an ion with mass M, atomic 
charge q, with energy E, momentum p, in a magnetic field B; and
(2) tot MZ‘ 2.4
since
dE
dx
MZ"
30
where AE is the energy lost by the ions in traversing the detector.
When light-ions are not stopped in the detector, then only AE is 
recorded and we obtain the following relationship:
m 2 ^ 2
(Bp)2 • AE ~ — —  ~ M2 2.5
q
since q ~ Z for light ions.
. j*An off-line tape-to-tape conversion program QT2T was used to
modify event data, recorded with the ANU focal plane detector, to a
form suitable to identify ion species, i.e. to calculate M2, so that
the appropriate position (i.e. high resolution energy) spectrum could
be obtained.
Figures 9 and 10 show the AE distribution and the mass
identification signal obtained for 52 MeV 7Li on 144Sm at 5°, , . Onelab
of the key advantages of the (7Li,6He) reaction is that the difference 
in magnetic rigidity between 6Li3+ and GHe2+ is sufficient to allow 
unambiguous mass identification. Additionally, the high field 
necessary to bend the 6He's onto the detector, completely removed the 
7Li3+ elastic events from the detector, allowing high beam currents to 
be used at forward angles.
For the elastic scattering measurements however, it is not 
possible to have both 7Li3+ and 7Li2+ on the detector at the same 
time. Indeed, the field needed to bend 52 MeV Li particles onto 
the detector, (in its present location), is just beyond the Enge 
magnet's capability. Hence one needs to know the charge state 
distribution for 52 MeV Li ions. For very low energies of less than 
5 MeV, the most probable charge state can be found from the semi-
t Written by Dr. I.G. Graham.
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empirical formula
q = Z [ 1+(Z-0' 4 5 3.85 / eTÄ)- 1’67]- 0"5 . 2.6
For 52 MeV 7Li ions this formula gives q = 2.92, however it is not 
necessarily accurate for this energy range.
38)A comparison with experimental data at energies greater than 
5 MeV have shown that eqn. 2.6 underestimates the value of q. The 
ratio of 6Li2+/6Li3+ of equilibrium charge state fractions was 
measured for 6Li2+,3+ ions in thin carbon foils and found to vary from 
14% - 1% over the ion energy range from 5.87 - 16.45 MeV. The measured 
ratio was also found to vary inversely with the fifth power of the ion 
velocity.
7Hence for 52 MeV Li ions, it was assumed that the contribution
7 t 2 +of Li to the elastic scattering measurements was less than 1%.
7 . 3 +More weight is added to this assumption by the fact that the Li 
incident ions would not reach equilibrium charge state in traversing 
the very thin targets, hence there would be a further enhancement of 
the three plus charge state compared to expected equilibrium values. 
Furthermore, it was assumed that the ratio of charge state 2 to charge 
state 3 did not change for the small change in ejectile energy which 
occurred over the elastic scattering angular range ~  (10° - 50° ^ .
Generally, AE may be corrected for variation of entrance angle by 
using the simple expression
Ae corrected AE[1 +k(P2 - Pj) ] . 2.7
The constant k is determined from events associated with a prominent
7 6peak in the data. Since the ( Li, He) reaction data were taken with 
an aperture of 1°, the Ae spectrum provided relatively clean
34
separation between particle types, and the need for such analysis was 
not necessary.
oFigures 11 and 12 are contours showing AE vs P and M vs P, for 
7Li + 144Sm at 5°^^. The field of the Enge magnet was adjusted such 
that He particles were on the detector, and Li and Li particles 
were not. Ae has not been corrected for variation of entrance angle 
and is seen to provide clean separation. The M vs P contour shows 
the removal of the energy dependence of Ae , thus making it 
considerably easier to place gates on the appropriate ion species.
This procedure is even more critical in separating 6Li particles from
7Li particles at back angles in the elastic scattering measurements. 
Figures 13 and 14 are again contours showing Ae v s P and M2 vs P, for 
7Li + 144Sm at 46°^^. The field of the Enge magnet was set such that 
the 6He particles were not on the detector. This kind of analysis was 
necessary for the major portion of work in this project since only 
single gates could be placed on each event. However, a new 
development in sorting techniques in the latter part of this work, 
enabled one to draw a polygon around events of interest when displayed 
in two dimensions, and then project a one dimension spectrum 
corresponding to the values defined within the polygon.
Figure 15 shows a contour of total energy against position for 
the measurement of 7Li + 140Ce at 1 5 ° ^ , using the position-sensitive 
detector described earlier. As can be seen, these signals were 
sufficient to identify the particles of interest.
2.2.3 Background Effects
The detector is sensitive to cosmic rays. However, the count 
rate is low and such events are readily removed by the requirement of
35
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simultaneous pulses on all electrodes. Operation of the detector in 
neutron fluxes is accompanied by a background due to the recoil 
protons and particles from neutron-induced reactions in the isobutane 
gas.
Figure 16 shows a contour of Pj versus P2• The requirement of an 
angle signal within the usual range corresponding to 45° entry, 
provides the means to discriminate effectively against most of the 
background events. An example of this is shown in figure 17. The 
spectra shown are for the 1 3 8Ba (7Li , 6He) 1 3 9La reaction at 4°^^.
Figure 17a shows the spectrum when a signal is not simultaneously 
required on the P2 wire. Figure 17b shows the same spectrum when a 
signal ts simultaneously required on the P2 wire. Figure 17c again 
shows the same spectrum, however this time a small P2 gate in the 
region of interest is used, as shown in figure 16.
2.3 DATA ACCUMULATION
Signals from either detector were handled with a list interface 
which processes an event comprised of as many as 7 analog pulses 
applied to appropriate an'alog-to-digital converters (ADCs) within a 
time window of 16 ys after the arrival of the first pulse. All of the 
pulses passed through strobed linear gates triggered by a selected 
range of E. The relative delays were adjusted such that the E pulse 
arrived before the other signals associated with an event so that the 
remaining ADCs were gated by the busy pulse from the energy ADC. The 
data were stored as events on magnetic tape for off-line analysis and 
also processed on-line to provide M values for direct sorting of 
position spectra associated with 6He ions. Use of the latter mode was 
an invaluable aid during the initial phases of an experiment.
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The spectra were normalized by using a monitor detector, placed
at either 15° or 30° with respect to the beam. The monitor signal was
also gated by the  ^ADC busy pulse (or Ae for light-ion mode), astot
indicated in figure 7. Comparison of the "live monitor" with the 
"total monitor", i.e. the monitor counting in un-gated mode, enabled 
the dead-time to be calculated.
2.3.1 Absolute Cross-Sections
The number of particles N(0,E) emitted in a nuclear reaction at 
an angle 0 is given by:
N (E,0) = A ,t.I.ü(E,0) , 2.8
where t is the target thickness, E is the energy of the incident 
particles and I = Q/xe is the number of particles passing through the 
target. Here Q is the total charge collected in the Faraday cup and 
xe is the charge of the incident particle; for 7Li3 + , I=Q/3e. The 
quantity A is a constant including the solid angle, Avogadro's 
number and the density of the target. o(E,0) is the differential 
cross-section for the reaction. The quantities N(0,E) and Q are 
measured in the experiment. For absolute cross-section measurements 
the product A .t must also be known.
The forward angle (~ 10°) elastic scattering of 52 MeV 7Li ions
on the target nuclei used in the present experiments was assumed to be
described by the Rutherford scattering cross-section 0 (E ,0). ThisR R
is given in the centre-of-mass by:
0 (E,0)R c. m. 1.296
Z 1Z 2 Mj +M;
sin4(0/2) mb/sr , 2.9
where , Z2, M and M2 are the charge and mass of the incident 
particle and target nucleus respectively.
Relative cross-sections were obtained by dividing the yield for 
each state by the monitor counts. 3y dividing the relative cross- 
section by the absolute cross-section as determined above, a 
normalization constant was extracted which was used to convert all 
relative cross-sections to absolute cross-sections, i.e.
k = N(E,£)/Mon . 2.10
<tr (b .ö )
2.3.2 Uncertainties
The uncertainties in the differential cross-sections arise from:
(a) the error in obtaining the normalization constant k of 
equation 2.10,
(b) the statistical error.
For the maximum beam current used, i.e. 300 nA, the dead-time was 3%
maximum. This dead-time was measured to an accuracy of about 2%,
hence any uncertainty due to dead-time was extremely small. The angle
oof the spectrograph could be set to an accuracy of 0.05 • The
a ospectrograph was offset by 0.25 , i.e., absolute 0 was equivalent
oto setting the spectrograph to 0.25 . The uncertainty in the scattering 
angle introduces an error in the normalization constant which is 
estimated to be 3%• The uncertainty in the yield is normally taken to 
be the statistical error. Only statistical errors are shown in the 
angular distributions. For most of the elastic scattering data, the 
size of the error bar is smaller than the data points. Based on the 
reproducibility of the ('Li,^He) data, the absolute cross-sections of 
the transfer reactions are accurate to +12%.
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CHAPTER 3 
THEORY
3.1 INTRODUCTION
A nuclear reaction which proceeds by a single step is described 
as being direct. This is in contrast to a compound nuclear reaction, 
for example, in which many steps may take place before a level in the 
residual nucleus is finally populated. The levels in the residual 
nuclei formed through proton stripping in this study, can be assumed 
to be reached via a direct reaction mechanism because of the 
sufficiently high energy supplied to the system by the incident beam.
The usefulness of a direct stripping reaction in the study of the 
residual nucleus is due to the fact that the angular distributions are 
characteristic of the transferred orbital angular momentum and some­
times the final state spin. The analysis of direct stripping 
reactions is usually carried out through the use of the distorted wave 
Born approximation (DWBA).
3.2 GENERAL DWBA EXPRESSION FOR STRIPPING REACTIONS 
3.2.1 The Transition Amplitude
A simple one step stripping reaction may be written as:
A + (b + x) (A + x) + b 3.1
where A represents the target, b represents the projectile core, and x
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is the transferred mass which may represent any number of particles. 
Hence, the projectile a and the residual nucleus B are defined as:
a = b + x I
\ • 3 
B = A + x J
The DWBA theory assumes weak coupling; that is, it assumes that
elastic scattering is the most important process that occurs and that
inelastic or re-arrangement events can be treated as perturbations.
39 40)This leads to the DWBA expression for the transition amplitude ' 
in which the interaction responsible for the reaction occurs just 
once; that is, it describes a simple one-step process. The 
transition amplitude is of the form:
(3a. xr*(vw <B'biv'A,a > X (+) (k /r7Aa a i ) a- r d ; Ax 3.3
Here <B,b|v|A,a) is the partial matrix element which is an integral 
over those coordinates of the particles which remain internal during 
the reaction, and V is the interaction through which the stripping 
occurs. The functions x^ and Xß are the "distorted waves". They are 
elastic scattering wave functions which describe the relative motion 
of the pair a,A (asymptotically with relative momentum k^) before the 
collision, or of the pair b,B (with k^) after the collision.
The distorted waves are solutions of the appropriate Schrödinger 
equation where the interaction is described by an optical model 
potential. In the asymptotic region, the distorted waves take the 
form of ingoing plane waves modified by outgoing elastically scattered 
waves. In the absence of any Coulomb potential, the distorted waves 
may be written as:
X ^ ( k , r )  exp(ik*r) +f(0) exp(ikr)/r 3.4
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with f(0) as the scattering amplitude. The superscript (+) or (-) 
denotes the usual outgoing- or ingoing-wave boundary conditions; the 
two are related by time reversal, which in the absence of spins has 
the form
X ' (k,r) = x (-k,r) • 3.5
The spatial coordinates appearing in the transition amplitude, 
(Eqn. 3.3), are displayed in figure 18. The vectors r ^  and r can 
be expressed as
and
where
r = r - (x/a) r Aa bx
r = (A/B)r + (x/B)rBb bx '
3.6
x/a = m /m , etc. x a
Figure 18(a) shows the relevant vector diagram for the transfer
reaction A(a,b)B. Evaluation of the transition amplitude requires
integration over the vectors r and r , (i.e., a six-dimensionalAa Bb
integral). For heavy-ion reactions, the cores A and b are expected 
(at sufficiently low energies) to stay relatively far apart as shown 
in figure 18(b).
In the past various approximations were invoked in order to 
reduce this integral to a three-dimensional one. One such 
approximation is to ignore the r^x terms in Eqn. 3.6, which is 
called "neglecting recoil effects". Neglecting recoil, therefore, has 
two consequences:
(a) r =r; in effect the particle x is restricted to a lineAa
between A and b;
(b) r and r are simply related by the constant A/B and theBb
distances (x/a) r, and (x/B)r, are neglected, bx bx
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(a)
Figure 18. Coordinate systems for the reaction A(a,b)B where 
a = b + x , B  = a + x .  (a) D’.TBA ’position vectors 
exactly including recoil; (b) Situation thought to 
occur in heavy-ion reactions. "Neglecting recoil" 
corresponds to setting r^ = r and r ^  = (A/B) r •
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One might expect that (a) will break down as the two cores come closer
41)together, i.e., as the incident energy is increased and figure 18
(b) goes to figure 18(a). Consequence (b) means that recoil effects
will be more important for heavier targets as pointed out by Buttle 
42)and Goldfarb. This is because, for a given projectile, the
distance (x/a)r, is constant. However, in order to keep the reaction bx
near or above the Coulomb barrier the incident energy must be 
increased. Thus the wavelength decreases and the reaction will be 
more sensitive to the neglected distance. Hence, for these reasons, a 
computer code which is capable of handling six-dimensional integrals 
must be used. Such calculations are referred to as exact finite range 
DWBA calculations.
3.2.2 Selection Rules
Before proceeding into the discussion of the formalism, it might 
be helpful to define the various quantum numbers associated with the 
interacting particles. For the entrance channel, J is the spin of
cl
the projectile, J is the spin of the target, s is the spin of the
transferred particle, Lj is the orbital angular momentum of x bound to
b to form a, and is the total angular momentum of x bound to b to
form a. For the exit channel, J, is the spin of the detectedb
particle (ejectile), J is the spin of the residual nucleus, L is theB ^
orbital angular momentum of x bound to A to form B, and J2 is the 
total angular momentum of x bound to A.
In the transfer process, £ is the transferred orbital angular 
momentum, and j is the total angular momentum transferred. In general
the angular momenta are related by
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IItJ 1 - 1 + - X  ' Jl
J-A + -B * 3. 7
- 2  = - 2 + - X  ' — 2
r= J-a + V 3.8
II| ±1 + l 2 , £ = 2i +  J 2 ; 3.9
i = £ +  s ,-x j = 4 +  J . -B 3.10
Equation 3.9 can be equivalently expressed as:
Lj - L2 I < Z < Lj + L2
J 1 - J2 I < £ < J l  + J z
3.11
If we let L2 -*0, the familiar zero-range selection rules are 
reproduced. When Lx and L2 are non-zero, there is no parity selection 
rule limiting the possible values of £. Neglecting recoil effects or 
using the zero-range assumption alters this. When r and r are set 
equal, the integration over r and r produces a special Clebsch- 
Gordan coefficient, C (L2 , £, 0 1 Lj , 0) , which vanishes unless Lj + L2 + £ is 
even. Since the parity of a reaction is given by (-)Ll + Lz , this 
restriction means:
Air =  (-) 3.12
This is known as "normal" parity. For single-particle transfers,
it can be seen that some "non-normal" ^-transfers, which are allowed
in the finite-range formalism, are not allowed in the "no-recoil"
approximation. Under many conditions, the "non-normal" £-value plays
43)a very important role and cannot be neglected.
3.2.3 DWBA Cross-Section
In the discussion that follows, the spin-orbit interaction in the 
distorted waves will be neglected for simplicity. The cross-section
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is given in terms of the transition amplitude (or transition matrix 
element) by the expression:
do
dft
kß (2Jß + 1)
(2nh2)2 ka (2Ja + 1) (2Ja + 1> ^ |Tßa'
3.13
where y^ and y^ are the reduced masses of the system in the initial
and final states, k and kn are the initial and final relative wave-a 3
numbers, and the sum is over the magnetic quantum numbers.
All of the information concerning the structure of the particles 
involved in the reaction is contained in the partial matrix element. 
The selection rules governing the reaction are also contained in this 
function. In order to evaluate the partial matrix element it is 
necessary to specify the interaction V and the wave functions of the 
particles.
44)It is well known from elementary scattering theory that the
transition amplitude for a rearrangement process, such as two-body
stripping, may be evaluated using either the interaction between the
particles in the initial state (a and A) or the interaction between
the particles in the final state (b and B). The terms prior and post
are used to differentiate between the two choices. In the post 
39)formalism V is generally taken to be the potential which binds the
transferred particle x to the ejectile b. It is further assumed that
this potential is scalar in the separation r, , i.e., V=V(r, ).bx bx
The transition amplitude of Eqn. 3.3 can now be rewritten as:
'ßa J I d3r d 3rß Xg * <kß-rß> < B b lv K J Aa >  X , T ' ( k „ , r J  > 3-14,(+)(k .'a a a
where J is the Jacobian of the transformation from relative to centre- 
of-mass coordinates and r^(r^) are the centre-of-mass displacement
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vectors for the entrance (exit) channel. This expression can be 
separated, for convenience, into two terms:
T3a 2 ^f J 1 / J 2 ro, L1 , L>2
YN1L1N2L2 
&jj J2
^ j L j N j L j (0)
36m 0 = cos"1(k *kn) 3.15 a 3
in which N,L,m are the principal, orbital and z-projection quantum 
numbers of x bound to a core and y represents any additional quantum 
numbers necessary to completely specify the nuclear state.
The A ^ lN^  is generally called the spectroscopic coefficient
and contains all the information about nuclear structure. The
(0) is called the partial or stripping amplitude and
contains all kinematic effects of the reaction. The stripping
amplitude may be thought of as a probability amplitude for the
reaction to take place. The shapes of the Bn 's have been found to be36m
very sensitive to the orbital angular momentum transferred (36) , and 
for this reason the orbital quantum number and parity of a state may 
be determined by comparison of the calculation with experimental data.
The magnitude of the calculated cross-section is altered by the 
spectroscopic coefficient which is proportional to the product of the 
spectroscopic amplitudes for the projectile and residual nucleus. The 
spectroscopic amplitudes are defined to be the overlap integral of the 
final state wave function with the wave function constructed by vector 
coupling x to the core. For example,
S (B -vA + x) 
iJ B
(p (J 0 J ) T lj;T dB , A x J J B B
3.16
where S is the spectroscopic amplitude; M is the mass of nucleus
JB B
B; (b is the wave function of x coupled to the core, A; ip is the J" J _B B
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wave function of B. The S is then a measure of the probability that
JB
the construction of B is A plus x in the given configuration. An 
analogous expression can be written of a-*b+x.
Using the preceding definitions, the differential cross-section 
for the stripping reaction defined in Eqn. 3.13 can be rewritten as:
do
d!T2
ya 3^
(27Th2 )2
kQ 2 J + 1 3 B
k 2J + 1 
a  A
2
ilJ1 J2m
2
YN1l 1n 2l 2
YNl L l N2L2 
fcjj J2
2 J + 1
Y N jL ?N, 
£m
B ,- Y l ' 2 - 2  (0)
2
3 . 1 7
3.3 SINGLE NUCLEON TRANSFER
In the case where only a single particle is transferred from the 
projectile to the target nucleus, certain assumptions can be made 
which simplify the expression for the differential cross-section, Eqn. 
3.17. It is assumed that the principal quantum numbers, (N1,N2), and 
orbital angular momentum values, (L1,L2), take on only one value each 
in the projectile and residual nucleus wave functions. Thus:
da
dO
U kn 2J + 1
a  1 3 3 b
(2TTh2 ) 2 k a  2 J A + 1 ZJXJ2
a N i l i N 2 l 2
lJlJ2
2 J +1 a
N 1L 1N2L2
£m 3.18
where the superscript Y has been omitted because no other quantum 
numbers are necessary to define the nuclear state.
The spectroscopic coefficient may be written as: 
L 1+ L 2 + S v _ J 2aN iL iN2l 2
£ J xJ 2 (-) (i) W(L1, J ^ ,L2,J2; s^,£)
h hx C(T) C(t) S 2( B + A + x ) S (a-^b+x) 3.19
J l J2
in which C(T) and C (t) are the isospin Clebsch-Gordan coefficients for 
the target nucleus and projectile, respectively; and
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W(L. ,J. ,L0 ,J0 ;s , £) is a Racah coefficient. The S 's are the 1 1 z z x J
spectroscopic amplitudes to which general reference has been made 
previously.
Now inserting Eqn. 3.19 into Eqn. 3.18, it can be seen that:
37=r a 2 C s, (B^A+x) C S (a+b+x) dSi J, J2
U 1 U 2
X 2 w2 (L j J 2 L2J2 ;S ,£) 2 
I X m
Bp1L1N2L2(0) 
£m 3.20
2C S is called the spectroscopic factor and is a measure of the 
single-particle purity of the final state; if it is unity, the state 
is pure single-particle, while a value less than unity indicates that 
the single-particle strength has been spread over two or more states. 
The purest single-particle states are found in nuclei consisting of 
closed shells plus or minus one nucleon. As soon as the nucleus 
contains more than one particle outside closed shells, these particles 
interact together, and the resulting residual interactions perturb and 
split the single-particle states, so that their strength is spread 
over several levels.
J 1 , 2  = L 1>2 + s^ are the transferred total spins between the 
initial and final states of the target nucleus and projectile 
respectively. The stripping amplitudes in Eqn. 3.20, are seen to be 
independent of the total angular momenta Jj and J2. Thus, the in­
dependent pieces that go to make up the differential cross-section for
J = L + s and J = L - s  are identical. Any difference in the > x < x
angular shape of the total differential cross-sections for J> and J< 
is due solely to the Racah coefficient which is essentially a 
weighting factor. This will be further discussed in conjunction with
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7 6the analysis of the ( Li, He) reaction data, in the next chapter.
3.4 THE NUCLEAR OPTICAL MODEL
3.4.1 Introduction
The optical model of elastic scattering has long been used both 
as a means of obtaining information about nuclear properties in its 
own right and as an essential part of the distorted waves formalism 
for direct reactions. The distorted waves in both the entrance and 
exit channels are specified by parameterized optical model potentials 
which respectively reproduce the elastic scattering of the initial 
pair of particles at the incident energy and the final pair at the 
outgoing energy. The following is a brief description of the optical 
model. The emphasis is on a description of the parameters which 
specify the optical potential with particular attention being given to 
Li and Li particle optical potentials. In addition, the search code 
"JIB" is described.
3.4.2 Basic Optical Model Theory
The basic assumption of the optical model is that the interaction 
responsible for the elastic scattering of a particle by a nucleus can 
be represented to good approximation by a central, complex potential. 
Both the real and imaginary parts of the potential are specified by 
three parameters: a depth, a radius which specifies the range of the
interaction, and a diffuseness which characterizes the interaction at 
the nuclear surface. The real part accounts for the elastic 
scattering while the imaginary part is introduced in order to account 
for the non-elastic processes. This potential does not make any
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differentiation among the inelastic processes and its effect is only 
to absorb particles from the incident beam. The name optical 
potential comes from the analogy with the refraction and absorption of 
light by a medium with a complex refractive index.
It has become customary to choose a particular form for the real 
part of the potential, namely a Woods-Saxon well:
u(r) = 3-21
with the parameters U (depth), R^(radius) and aR (diffuseness). The
radius is A^-dependent, where is the mass number of the scattering
1/3nucleus, and this may be represented by R^= r A , so that the three
parameters are U, r^ and aR . U has the dimensions of energy while rR
and a both have those of length. It is usual to specify U in MeV and R
r and a in fermis, R R
1/3The expression R =r A is used, rather than the more commonly^ R t
used expression R^= rR (At1//3 + A^1^3), where Ap the mass number of
the projectile, due to a convention for (7Li,5He) work stemming from
21 25)the early Florida State University work. ' A comparison of
optical model parameters for (7Li,6He) work is more meaningful if this 
convention is adhered to.
The imaginary part of the optical potential has been equally well 
represented by both a Woods-Saxon interaction (volume term),
W(r) - W1 + exp [ (r - Rj.)/a ] 3.22
1/3with Rj= r^ A^ _ , or by a derivative of the Woods-Saxon shape, (surface
term). It can be argued that at low energies the absorption is more 
likely to occur in the region of the nuclear surface where the
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nucleons are less strongly bound. Inside the nucleus, collisions are 
limited by the exclusion principle and therefore absorption is less 
probable. At higher energies the absorption in the interior of the 
nucleus becomes important. These simple considerations suggest that 
at low energies the absorption is peaked in the region of the nuclear 
surface and is spread throughout the nucleus at higher energies. In 
keeping with past analyses of 7Li and 6Li elastic scattering at 
similar energies, the present work uses the volume imaginary potential 
of Eqn. 3.22.
When the incident particle has a non-zero charge, a Coulomb
interaction V (r) must be included. This is usually taken to be that c
due to a uniformly charged sphere of radius = r^A^1/3 , and is
defined as:
Z Z e2[3 - (r/R )2]
V (r) = —E------------—---  for r<Rc 2R cc
Z Z e2 P t
r for r > Rc
3.23
where Z^ and Z^_ are the projectile and target charge, respectively.
The choice of r^ does not influence the predicted elastic scattering 
cross-sections provided it is of the order of the nuclear radius, and 
it is usually considered a fixed quantity — about 1.4 fm for Li and 
6Li elastic scattering.
Thus one has a six-parameter optical potential:
V (r) = V (r) +U(r) +iW(r) 3.24opt c
with U(r) and W(r) given by Eqns. 3.21 and 3.22 respectively.
The problem is now that of solving the Schrödinger equation:
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V 20 + 2U [E-V (r)]$ opt 3.25
with vDpt (r  ^ given by Eqn. 3.24. The method consists of making a 
partial wave expansion for $ and numerically integrating the resulting
radial partial wave functions. Details of the method have been given 
45)by Hodgson.
3.4.3 The Code "JIB"
In practice, one uses a computer code to perform the calculations
for a given set of parameters. Further, the most widely used optical
model codes are parameter optimization codes in that they perform
2parameter searches in order to minimize a quantity X defined as:
X 2
fa ( 0 . ) t h  -  a < 0. )  expl 21________ 1____Ao(0.)i
3.26
0XPwhere N is the number of experimental data points; 0 (0^ ) and 
0(0^) are, respectively, the experimental and theoretical values of 
the differential cross-section at the angle 0_^; Aö (0_^) is the
0X0absolute error in ö (0_^ ) 1; and F is the number of free parameters in
the fitting procedure.
46)The code JIB allows the simultaneous variation of up to six 
optical model parameters. Searching continues until the ratio of 
successive values of X2 is less than a predetermined quantity.
3.4.4 Additional Parameters
The six parameters describing the real and imaginary parts of the 
central optical potential are basic to the optical model. There are 
good grounds for including additional parameterized terms in the
optical potential when the spins and iso-spins of the interacting 
particles are considered. The main such term is the spin-orbit 
coupling term involving the quantity £.4, where £ is the orbital 
angular momentum and 4 is the spin of the incident particle. This 
term does not usually have a large effect on the predicted angular 
distribution but is essential in any attempt to describe polarization.
As far as Li and Li elastic scattering are concerned, no such 
polarization data are available and no reliable knowledge of the 
strength of the spin-orbit coupling term for 6Li and 7Li elastic 
scattering exists. Thus in the present work no spin-orbit term has 
been included in any of the optical potentials. The other possible 
terms in the optical potential, e.g. tensor components, have been 
omitted for similar reasons.
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3.5 THE PROGRAM "LOLA"
47)Austern et at. have developed a DWBA theory which exactly
48)includes recoil. This formalism is used in the program LOLA and is 
partially reproduced here. The differential cross-section for the 
stripping reaction has been given in Eqn. 3.18, but is reproduced here 
for ease of discussion.
y yn k0 2.T + 1dö a 0 B V
dQ . ? . ? k 2.T + i ~(27ih ) a A £jj J
a N iL iN 2L 2
£Jj J2
2 J +1 a
bn 1l 1n2l2(Q 
36m 3.18
The (0) are defined by
n 1l 1n 2l2
36m ka k(3 l 1L2
2 p^Ll+L2 ^  (2L2 +1) 2 ( L2£m,-m|L10)
t mx [ (L, - m) !/(L, +m) ! ] PT (0) ILi L 3.271 ■u 2
where M^, M^, m^ and m^ are the z components of the spins of the
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particles J , J , J , J, and m is defined a s m = M  + m -M -m .A B a b B b A a
The radial inteqral I is:
L 1L 2
L 1L 2
max
min
f R
dr r• a a maXdrß re Xß2(kß'rß) \ l 2 (W  Xa 1(ka'ra) '
min 3.28
where the two-dimensional form factor ^ (r^,r^) contains the
"kernels" g (r , rQ). The "kernels" g (r , rD) are defined by:K 0t p K 0t p
gK (ra're>
+ 1
I  ^ dy ^(r,) V(ra ,rg) 4 M r 2> PR (y) , 3.29
where y = r .r_, and r,,r0 are the natural coordinates and are given bya 3 1
>1
► , 3.30
a[r 2 + y2r 2 - 2yr r y] Aa Bb Aa Bb
where
a[62r 2 + r 2 - 26r r y] Aa Bb Aa BbM
a = aB/x (A + a) , 
Y = b/a 
6 = A/B .
The program LOLA first computes the bound-state wave functions 
^3 (a) ^ ri (2)* wbich are interpolated and integrated (Eqn. 3.29) by the 
Gauss-Legendre method. These "kernels" contain the radial-nuclear- 
structure information and are stored on permanent files since they are 
independent of the incident energy and optical-model parameters used.
The distorted waves in Eqn. 3.28 and bound-states are calculated
49)with the subroutines used in DWUCK.
The A^i1"2 is given by:
X/iJ 2 ^ 2
A^ '1 L2 = i£ [(2£+l)(2J +1)]^ (C2s) ' (C2s) 5 W(L. J.L, J ; s l) 3.31a A B 1 1 2 2 x
2with the C S's representing spectroscopic factors.
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The final cross-section for a stripping reaction, therefore, is:
dft 2J +1 ^ (2£+1) W2 (L1J 1L2J2;s Ä) C2SÄ C2 *Sß ^  ,3.32
exp A £ LOLA
where the different values of £ are added incoherently. 47)
In the present (7Li,6He) reactions, J =0, s = h andA x
C2S = C 2S(7Li) and hence Eqn. 3.32 reduces to:A ^
2j b +12--- S (2Ü.+1) W2 (L. J.L,J, ; W  C2S(7Li) C2S„ jn1 1 1 2  2 B da 2dQexp LOLA
3. 33
where B refers to the states in the final nuclei.
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CHAPTER 4
DATA ANALYSIS AND DISCUSSION 
4.1 OPTICAL PARAMETERS
It has been mentioned previously that the distorted waves needed 
for a DWBA analysis are generated from an optical model potential. To 
obtain the best possible estimates for the elastic scattering wave 
functions, elastic scattering was performed for both the entrance and 
exit channels. For the entrance channels, the reactions 
138Ba(7Li,7Li)138Ba, 140Ce(7Li,7Li)140Ce, 142Nd(7Li,7Li)142Nd and
144Sm(7Li,7Li)144Sm at E(7Li) =52 MeV, were measured. For the exit 
channels, the reactions 139La(6Li,6Li)139La at E(6Li) =48 MeV,
141Pr (5Li,6Li)14xPr at E(6Li) =47 MeV, 142Nd(6Li,6Li)142Nd at 
E(6Li) =46 MeV and 1 4 4Sm (6Li, 6Li) 1 4 4Sm at E(6Li) =45 MeV, were 
measured. Elastic scattering for 6He cannot be measured because of 
the instability of 6He. If it is assumed that the nuclear force is 
charge and isospin independent and that we may neglect the spin-orbit 
force, the Li optical parameters can be used for the exit channels. 
The energies chosen correspond to the average outgoing He energy of 
each reaction. Targets of 142Nd and 144Sm were used for the exit 
channel studies instead of 143Pm and 145Eu since these latter isotopes 
are radioactive and targets could not be made in the laboratory. This 
procedure has been shown to work quite well in the analysis of other 
(7Li,6He) reactions.
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As mentioned in section 2.1.2, all targets were contaminated with 
a heavy element, either Ta (Ba target) or Th (Ce, Nd, and Sm targets), 
which occurred during target making. For example, the 142Nd target 
was contaminated with ~ 3 yg/cm2 of 232Th. Figure 19 shows the
nspectrum obtained for elastic scattering of 52 MeV Li ions off the
1 4 o 7Nd target at 30°^^. The elastically scattered Li's from both 
142 232Nd and the contaminant Th, were unresolved for angles forward of 
20°iab- Figure 20 shows the angular distribution for 142Nd + 7Li
2 3 2 7(closed circles) and for Th + Li (open circles). From this plot it
7 2 3 2can be seen that the cross-section for Li + Th at 52 MeV is 
essentially Rutherford for angles forward of 28° (lab). Hence it was 
possible to normalize the Li + Th cross-section to Rutherford, and 
subtract this contribution from the 7L i + 142Nd cross-section. This 
procedure was used to extract the forward angle cross-sections in all 
the elastic scattering measurements.
The elastic scattering data were analysed with the optical model,
which has been described in the previous chapter. The computer code
JIB^^ was used to fit the data, starting with the parameters'^ used
to fit the 118Sn(7Li,7Li)118Sn and 118Sn (6Li,6Li)118Sn reactions at 48
and 42 MeV, respectively. The optical parameter searches consisted of
varying the parameters U, r , a , W, r , and a , one, two, three,R R X X
four, and five at a time. U and rR were not varied at the same time
50because of the continuous relationship between U and r , i.e.,R
U.r = constant. The Coulomb radius r was fixed at 1.40 fm because R c
of the insensitivity of the calculations to the value used.
The experimental angular distributions and the optical model fits 
are shown in figures 21 - 28. The yield of the elastically scattered 
7Li's and eLi's are expressed as a ratio to Rutherford scattering.
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0 . = 3 0
2 0 0 0
1 5 0 0
iOOO
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CHANNEL NUMBER
F i g u r e  19* 7 1^2E l a s t i c  s c a t t e r i n g  o f  52 MeV ' L i  i o n s  o f f  t h e  Nd
t a r g e t  a t  30 l a b
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l42Nd(7Li,7Li) , 232Th(7Li,7Li)
E = 5 2  MeV
o ' L i +
e L AB.<d e 9 - >
F i g u r e  2 0 ,  A n g u la r  d i s t r i b u t i o n  f o r  t h e  " 'Nd(^Li , ^ L i )  ^ 1 ^Ild
r e a c t i o n  ( c l o s e d  c i r c l e s ) ,  and t h e  ' T h ( ^ L i , ^ L i  ) ”^^Th 
r e a c t i o n  (open  c i r c l e s ) .
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Ba(7L i,7Li),38Ba 
E = 52 MeV
0 10 20 30 40 50 60
6cm (deg.)
Figure 21.
1-zg 7 7 178Angular distribution for the "°Ba( Li, Li) Ba 
reaction at 52 lleV. The solid line is the optical 
model fit to the data.
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E =48  MeV
9cm. (deg.)
Figure 22. Angular distribution for the ^ ' La (^Li, ^ Li) ^ " *^ La 
reaction at 48 HeV. The solid line is the optical 
model fit to the data.
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<Eb
E = 52 MeV
0cM (deg.)
1 i^-0 ,1 7 '\h0Figure 2 p .  Angular distribution for the Ce('Li, Li) Ce
reaction at 52 MeV. The solid line is the optical 
model fit to the data.
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E = 47MeV
10 20 30 40  50  60
9 c.m. (deg.)
F i g u r e  2 4 .  A n g u la r  d i s t r i b u t i o n  f o r  t h e   ^ ^ F r ( ^ L i , ° L i ) ^4 ^Pr 
r e a c t i o n  a t  47 IleV. The s o l i d  l i n e  i s  t h e  o p t i c a l  
model  f i t  t o  t h e  d a t a .
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0cm(deg)
-1 hp  7  7  i h p
F i g u r e  25-  A n g u la r  d i s t r i b u t i o n  f o r  t h e  TJdC 'Li,  L i )  Nd 
r e a c t i o n  a t  52 MeV. The s o l i d  l i n e  i s  t h e  o p t i c a l  
mode l  f i t  t o  t h e  d a t a .
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E » 4 6  MeV
0cm (deg.)
F i g u r e  2 6 .  A n g u l a r  d i s t r i b u t i o n  f o r  t h e  ^ f^ N d ( ^ L i , ^ L i ) ^  ^Md 
r e a c t i o n  a t  46 iieV. The s o l i d  l i n e  i s  t h e  o p t i c a l  
mode l  f i t  t o  t h e  d a t a .
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52 MeV
10 20 30 40 50 60
0 cm (deg.)
144 7 7 i440Figure 27. Angular distribution for the 3m( Li, Li; 3m
reaction at 5-2 I-ieV. The solid line is the optical 
model fit to the data.
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E * 45 MeV
9 cm (deg.)
a ,i,[, r r i IlL
F i g u r e  2 3 .  A n g u l a r  d i s t r i b u t i o n  f o r  t h e  ' S m ( ° L i , ° L i )  Sra 
r e a c t i o n  a t  45 I-IeV. The s o l i d  l i n e  i s  t h e  o p t i c a l  
mode l  f i t  t o  t h e  d a t a .
74
All the angular distributions exhibit the same general features. At 
about 10° the ratio is essentially one, which means that Coulomb 
scattering is taking place. As the angle increases, effects of teal
ps.ri of fne. I nt-nra.'ctirig pptentkxl result in oscillatory behaviour. Finally, 
the experimental to Rutherford differential cross-section ratio shows 
a rapid fall-off as the rtucJ&zr dominates.
nThe extracted optical model parameters for Li scattering are 
shown in table 3, and for 6Li scattering in table 4. A comparison of 
the imaginary potentials for 6Li elastic scattering with 7Li elastic 
scattering shows that W 6T . <W 7 , and the angular distributions
for 6Li elastic scattering exhibit more oscillatory behaviour than 
those for 7Li. This implies that 7Li is more strongly absorbed than 
6Li.
A more meaningful comparison of both real and imaginary well 
depths, is in the region of the strong absorption radius, since in 
this tail region the potentials have a constant shape. The strong 
absorption radius R , is defined b y ^S3.
kR = n + [n + L, (La + 1) ] , 4.1sa h -2 .
where p is the dimensionless Coulomb parameter, k is the wave number
of relative motion and Lj is the angular momentum for which the
transmission coefficient T =0.5. Figure 29 shows a plot of TL L
against L calculated from the optical model potential used to describe 
the elastic scattering of 7Li from 138Ba at 52 MeV.
Table 5 shows the strong absorption radii evaluated for the 
elastic scattering performed in this work and also for elastic 
scattering of 7Li and 6Li projectiles on 118Sn (ref. 26), and on 2 0 8,
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TABLE 5
Energy J
m i
R U W U V l u
System
(MeV) (MeV. fm3) ( fm) (MeV) (MeV)
W V l d
13 0Ba + 7Li 
139La + 6Li
52 389 32 1 0 . 8 9 .9 1 .7 1 1 . 2 8
1 . 2 8
48 460 27 1 0 . 7 6 .7 1 1 . 2 1 . 5 9
1 4 °Ce + 7Li 
141Pr + 6Li
52 387 32 1 0 . 9 9 . 8 3 .9 9 . 8 4
.9 7
47 456 26 1 0 . 78 . 8 6 . 6 0 1 . 4 3
142Nd + 7Li 
142Nd + 6Li
52 374 31 1 0 . 8 7 1 . 1 0 . 7 6 1 . 4 5
. 8 7
46 491 25 1 0 . 73 1 . 2 7 . 6 9 1 . 8 4
1 4 4 „ . 7t •Sm + Li
1 44„ . 6T .Sm + Li
52 482 30 1 0 . 7 4 1 . 0 6 .5 4 1 . 9 6
1 . 1 5
45 446 24 1 0 . 7 7 .92 .9 0 1 . 02
118— , 7X .Sn + Li
118 Sn + 6Li
48 370 29 1 0 . 4 4 1 . 1 3 . 9 7 1 . 1 6
1 . 31
42 499 24 1 0 . 5 1 . 86 .6 2 1 . 39
2 0 8 Pb + 7Li 
2 0 9 Bi + 8Li
52 384 30 1 1 . 77 1 . 1 5 1 . 2 4 . 9 3
1 . 6 4
44 234 22 1 1 . 87 .7 0 1 . 0 7 . 65
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2 0 9and Bi (ref. 52), for comparison. The real and imaginary
potentials have been evaluated at these radii, together with the
ratios U/W and U .7 ../U 5 , and these are also shown in table 5.( Li) ( Li)
The "best fit" real and imaginary potentials for 7L i + 138Ba and 
6L i + 139La elastic scattering are shown in figures 30 and 31, with the 
arrow denoting the strong absorption radius.
Many analyses of light-ion elastic scattering by nuclei have 
shown that the potentials may be conveniently characterized by the 
volume integrals of their real parts divided by the product of the 
atomic numbers of projectile and target nuclei, viz. J = Jr/A^A^. The 
volume integral for a real potential o-f Woods - Sa-ocon -f-orm is
JR U R 3 [1 + (TTa /R ) 2] . R R R R 4.2
Values of J are also shown in table 5.
As can be seen from the data presented in table 5, little 
systematic behaviour is evident.
The main reason for this apparent lack of systematic behaviour is 
the ambiguous nature of the potentials. As for the scattering of 
light composite particles, it is usually possible to find several 
different potentials that give equally good fits to the same data.
The volume integrals, listed in table 5, reveal the different real
8o
I38Bq + 7Li 52 MeV
r (fm)
Figure yO. The real and imaginary potentiale for Li +
81
l39l_a+ 6ü  4 8  MeV
r (fm)
Figure 31. The real and imaginary potentiale for ^Li + 1^La.
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7 6potential sets for the Li and Li elastic scattering. The optical 
parameters for 7L i + 144Sm elastic scattering give a volume integral 
value which is about 100 MeV.fm higher than the other values for Li
nelastic scattering. All other volume integrals for Li scattering are 
consistent, and hence are most probably of the same family. The Li 
elastic scattering optical model sets show more variation. 6Li 
scattering from 139La, 141Pr and 144Sm reveals comparable values for J, 
indicating the parameters are of the one family. Another family of 
real parameters is indicated for the 6Li + 142Nd and 6Li + 118Sn elastic 
scattering, whilst the 6Li+ 2 0 9Bi real parameters are of an entirely 
different family again.
To investigate this further, the 7Li + 144Sm and 6Li + 142Nd 
elastic scattering were re-analysed using the optical model code 
"JIB". A second potential set for both elastic scattering measure­
ments was found and these are shown in table 6.
TABLE 6
E U r a W r a r
CHANNEL LAB R R I I c
(MeV) (MeV) (fm) (fm) (MeV) (fm) (fm) (fm)
14 4 Sm(7Li,7Li) 52 284.6 1.290 0.717 16. 64 1. 600 0. 756 1.400
1 4 2Nd(6 Li,8 Li) 46 249.2 1.344 0.678 8. 45 1. 765 0.710 1.400
14 4 7A comparison of the volume integral for Sm + Li elastic 
scattering listed in table 7, with the volume integrals for Li 
scattering from 138Ba, 140Ce and 142Nd listed in table 5, indicates 
that these sets of optical parameters are of the one family. 
Similarly, a comparison of the volume integral for 142Nd + 6Li elastic
83
TABLE 7
SYSTEM
E
(MeV)
J
(MeV. fm3)
h
(ti)
Rsa
(fm)
Usa
(MeV)
Wsa
(MeV)
U
W VLi)
U (6Li)
14 4Sm + 7Li 52 406 30 10. 74 1.10 . 71 1.55 1.20
1 42Nd + 6Li 46 461 25 10.73 1.03 .89 1.16 1.07
scattering in table 7, with the volume integrals for 6Li scattering 
from 139La, 141Pr and 144Sm reveals comparable values of J, indicating 
the parameters are also of the one family.
In conclusion, it is possible to find different families of 
potentials based on their volume integrals, however it is difficult to 
feel confident that any one family is physically more realistic than 
any other. The parameter sets listed in tables 3 and 4 should be seen 
as "best-fit" parameters only.
4.2 SINGLE NUCLEON TRANSFER DATA
The parameter sets listed in tables 3 and 4 were used in exact-
48)finite-range DWBA calculations with the computer code LOLA for
transitions to the strongly populated states observed in the
138Ba(7Li,6He)139La, 14°Ce(7Li,6He)14JPr, 142Nd(7Li,GHe)143Pm and
144Sm(7Li,6He)145Eu reactions. Fifty six partial waves were used in
the calculations and the radial integrations were carried out to a
radius of 30 fm in .13 fm steps. The wave functions of the bound
proton were generated with Woods-Saxon potentials whose depths were
adjusted to give the correct binding energies. The ground state 
53)binding energies are given in table 8. The shape parameters were 
fixed at rQ =1.25 fm and a =0.65 fm, and a spin-orbit strength
84
TABLE 8
Ground state binding energies
-9.978 MeVp + He
-6.201 MeV
-5.227 MeV
-4.274 MeV
-3.262 MeV
of A =25 was used in all bound state calculations. No spin-orbit 
potential was used in the distorted waves. These calculations include 
the non-normal as well as the normal £ transfers.
4.2.1 The 138Ba(7Li,6He)139La Reaction at 52 MeV
Typical spectra for the 138Ba (7Li,6He)139La reaction are shown 
for three angles in figure 32. Angular distributions for the low- 
lying states were extracted, and these are shown together with the 
EFR-DWBA fits, in figures 33 and 34.
o  r \
It has been shown that the angular distributions for (7Li,6He)
leading to 2d_^2 and 2d  ^ ^3Lna^  states can distinguished at
forward angles. This distinction can be made even though £=1, 2 and
3 are allowed for both final states assuming a P^/2 transferre<3
proton, because the Racah coefficient multiplying the DWBA cross-
section weights the transfers differently for the two states. The
cross-sections corresponding to different £-transfers have different
shapes and are added incoherently to form the total cross-section.
This is shown clearly in figure 35. The £ =1 component is 8 times
stronger for a d state than for a d . state so that the forward 5/2 3/2
angle cross-section for a ^^/2 state is larger than for a ^^/2 s^a^e*
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,38Ba( Vi ,6He)l39La 
Elab= 52 MeV
0 0 MeV 42 MeV
Ex=l 56 MeV 5/+0166 MeV 
5/
121 MeV I 77 MeV
0 67S, + 0 83d
-- 0 28S, + I 22d
Figure J>3- Angular distributions for states populated in the
^°Ba(^Li,^He) reaction. The solid and dashed
lines are EFR-DUBA calculations normalized to the data.
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138 ,  7 . 6  139
Ba( Li , He) La
Elab= 52 MeV
I 85 MeV
------ d 231 MeV
— d
F = 196 MeV
E v =  2 40 MeV 
[ % ]
--- d
E =2 24 MeV 
3 / 7  +
/ V \
F i g u r e  3 ;+* A n g u l a r  d i s t r i b u t i o n s  f o r  s t a t e s  p o p u l a t e d  i n  t h e
^';°Ba(  ^ L i  , ^Ile ) ^ ^ L a  r e a c t i o n .  The s o l i d  and  dashed
l i n e s  a r e  EFR-DWBA c a l c u l a t i o n s  n o r m a l i z e d  t o  t h e  d a t a
(m
b/
sr
)
13 Q n  / 7 . . 6 - j  x 13 9 .Ba( Li, He) La
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Cj
ID
\
b
D
• 166 MeV•166 MeV
. 'k
l \ -
1 - 3
0 10 2 0  3 0  4 0  10 2 0  30 40
0 c.m.
Figure 35. Partial cross-sections for £-transfers for the .166 
139MeV state in La. Calculations assuming a 
and a d^^ final state configuration are shown.
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Calculations for pure and 2 d  ^ are shown in figures 33 and
139 .34 for states at 0.166 MeV, 1.56 MeV, 1.85 MeV and 1.96 MeV in “ "La. 
Clearly the data forward of 6° c.m. allow unambiguous distinction to
be made between 2d^^^ an(^  ^^3/2 states*
Angular distributions for transitions to 3s levels via the
_L/ Z
13 936 = 1 transfer at 1.21 MeV and 2.31 MeV in La are well reproduced by
the calculations but are slightly out of phase, a problem which has
7 6 54)been observed in other ( Li, He) reactions where the data and the 
calculations are more seriously out of phase.
13 9The states of the unresolved doublet at 1.77 MeV in La are
3 55)described as 3s^ 2  and ^ 3/2 an  ^He,d) reaction. The solid
line in figure 33 represents the fit to the data obtained by summing 
incoherently the calculated differential cross-sections for the two 
configurations and using spectroscopic strengths as derived in the 
(3He,d) work. The dashed line represents a similar fit but obtained 
by allowing the spectroscopic strengths to be adjusted by the least 
squares fitting procedure.
The state at 2.24 MeV in 139La is described as a d-state in the 
, 55)( He,d) reaction, however neither calculations for a 2d nor a5/2
^3/2 s^a^e 9ave a satisfactory fit. A level at 2.232 MeV has been 
observed in (y,Y')~^ work and assigned tentative spins of either 7/2+ 
or 11/2”. The best fit for an incoherent sum of calculations for a 
^3/2 state an<^  a ^^7/2 state as shown in figure 34.
The state at 2.40 MeV in 139La was not observed in the (3He,d) 
work,^~^ but has been seen in (a,a')~^ scattering and assigned as 
negative parity. A DWBA calculation assuming an 11/2 spin for this
state, i.e. the only allowed negative parity configuration • as
90
shown in figure 34, although the statistical errors in the data points 
prohibit the definite assignment of any spin.
4.2.2 The 14°Ce (7Li,6He)14xPr Reaction at 52 MeV
Figure 36 shows typical spectra at three angles for the 
140Ce(7Li,6He)14!Pr reaction. The experimental angular distributions 
and the EFR-DWBA fits to the data are shown in figure 37.
Again, calculations for pure 2d^^^ and ^3/2 are s^own f°r ^he
1 4 1ground state in Pr. Forward single data allow unambiguous
distinction to be made between 2d_ . and 2d . final states.5/2 3/2
The angular distribution for the transition to the 3s . level at
-L / Z
1.30 MeV in 141Pr is well reproduced by the calculation and does not 
seem to have any phasing problem.
The states at 1.60 and 1.65 MeV in 141Pr could not be resolved 
using the focal plane detector, which had a resolution of ~ 70 keV. 
Some separation was apparent at forward angles, as shown in figure 36 
at 10°, however this was not sufficient for reliable extraction of 
separate cross-sections for these two states. The 14°Ce(7Li,6He)14!Pr 
reaction was studied again using the position-sensitive detector as 
described in section 2.1.4.3. A resolution of ~ 25 keV was obtained 
and spectra at 1 5 ° are shown in figure 38. The spectra have been 
crushed by a factor of two in channel number. Figure 38(a) shows the 
raw position spectrum and indicates the ends of the position-sensitive 
detector. Figure 38(b) shows the position spectrum after gating on 
the 6He energy region as indicated in figure 15. A calibration gives 
the energies of the two states from the previously unresolved doublet
as 1.61 and 1.67 MeV.
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l40Ce( 7U , 6He) l4lPr 
Elab = 52 MeV
Ex = 0 0 MeV 1-30 MeV
Ex = 0 !45MeV I 61 MeV
II MeV 67  MeV
Figure 97- Angular distributions for states populated in the
 ^f<^ Ce (( Li , ^ He ) ^ f^ Pr reaction. The solid and dashed 
lines are EFd-DWBA calculations normalized to the data.
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The angular distributions for these two states are shown in
figure 37. The angular distributions for the other states in 141Pr
agreed well with previous measurements using the focal plane detector.
Calculations for 2d,. and 2d^ are shown for the state at 1.61 MeV.5/2 3/2
The state at 1.67 MeV is shown with DWBA calculations for a lg7/2
state (solid line) and a 2d . state (dashed line). These states areo/ z
described as 2 d ( 1 - 6 0  MeV) and (1*65 MeV) in the (3He,d)
55)reaction, although they were not resolved in that work. The s^^ 
state at 1.65 MeV appears to be very weakly excited, from this work. 
The assignment of 7/2+ to the state at 1.67 MeV in 141Pr is supported 
by the tentative assignments of either 5/2+ or 7/2+ from (Y/Y1)'^ 
work.
4.2.3 The 142Nd(7Li,6He)143Pm Reaction at 52 MeV
Spectra for the 142Nd(7Li,6He)143Pm reaction are shown in figure 
39, and the experimental angular distributions and EFR-DWBA fits to 
the data are shown in figure 40.
DWBA calculations for d-states are shown for the ground state and
the state at 1.40 MeV in l 4 3Pm. The solid line is the calculation
assuming a 2d_ . final state configuration and the dashed line is the 5/2
calculation assuming a 2d final state configuration.J/ z
The angular distribution for the transition to the ^s^^^ level
via the & =1 transfer at 1.17 MeV in 143Pm is slightly out of phase by
1° to 2°. The DWBA calculation for the lg . level at 0.27 MeV in/ / z
143Pm fits the experimental angular distribution extremely well 
except at far forward angles where the calculated cross-section is 
smaller than the experimental cross-section.
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142 7 6 ,  . 143
Nd ( L i, He) Pm
E lab = 52 MeV
0 0 MeV
1 1 7  MeV
- - - -  d
I 4 0  MeV
0-27 MeV
Ex = 0 96MeV
Figure 40. Angular distributions for states populated in the
1*^Nd((Li,^ He)  ^^Pm reaction. The solid and dashed
lines are EFR-Dl.'BA calculations normalized to the data
97
An angular distribution is also shown for the transition to the 
lhll/2 level at 0.96 MeV in 143Pm where the DWBA calculation is out of 
phase by 3° - 4°.
Figure 39 also shows states from the 13C (7Li,6He)14N reaction.
A group, corresponding to excitation of the 3.95 MeV level in 14N, 
prevented the extraction of the cross-section for the 1.17 MeV state 
of 143Pm at 3°lab
4.2.4 The 144Sm(7Li,6He)145Eu Reaction at 52 MeV
Figure 41 shows spectra of the 144Sm(7Li,6He)145Eu reaction at
three angles. Unfortunately, the Q value for the 12C (7Li,6He)13N
reaction is such that the ground state group obscures the states at
1.76 and 1.84 MeV in 145Eu at angles forward of 10° . . Figure 42lab
shows the angular distributions for the low-lying states, together 
with the EFR-DWBA fits.
DWBA calculations for d-states are shown for the ground state and
states at 1.042 MeV, 1.76 MeV and 1.84 MeV in l 4 5, The solid line
is the calculation assuming a 2d final state configuration and the5/2
dashed line is the calculation assuming a state
configuration.
The state at 0.809 MeV in 145Eu is a 3s . state and is well
±/ z
reproduced by the calculation. A DWBA calculation for the lg level// z
at 0.329 MeV in 145Eu fits the experimental angular distribution 
extremely well. An angular distribution is also shown for the
52
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Figure 42. Angular distributions for states populated in the
1 ^Sm(^Li,^He)^f^ Eu reaction. The solid and dashed 
lines are EFR-Dl/BA calculations normalized to the data.
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1 li trtransition to the lh^^^ level at 0.716 MeV in Eu, and the DWBA 
calculation is in good agreement.
4.3 SPECTROSCOPIC FACTORS
Spectroscopic factors are extracted from the relationship given 
in equation 3.33, which is reproduced here for ease of explanation:
dö
d^exp
2j b +1
1 2 (2Ä+1) W2 (L. J,L9 J, ; h Z ) C2S(?Li) C2S„-j=:---- ,n 1 1 z 1 B did£ LOLA
where B refers to the states in the final nuclei, and subscripts 1 and 
2 refer to the projectile and final nuclei. £ and W are, respectively, 
the transferred angular momentum and the appropriate Racah coefficient.
2 7 7 6C S( Li) is the overlap of Li with He + p in a P ^ / 2  state was
59)taken from Cohen and Kurath to be 0.59. Since the assumed 
7structure of Li was included in the exact-finite-range DWBA
2 13 9calculations, the spectroscopic factors (C S) for the states in La, 
141Pr, 143Pm and 145Eu are extracted by normalization to the maximum 
cross-section in the bell-shaped part of the angular distribution.
The absolute spectroscopic factors obtained from the analysis are 
listed in tables 9-12, which also show spectroscopic factors obtained 
from (3He,d) reactions. ^  The errors in the absolute
spectroscopic factors include the uncertainty in the absolute 
normalization of the experimental data and statistical errors. 
Uncertainties resulting from the choice of optical model parameters 
and use of standard values for the bound state potential parameters 
are not included. DWBA calculations were performed using the 
parameters listed in table 6 and were compared to calculations using 
the "best-fit" parameters listed in tables 3 and 4. This comparison
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gave a change in the spectroscopic factors of less than 2%. Relative 
spectroscopic factors, normalized to the ground state, are also listed 
in tables 9 - 12.
If the DWBA calculation for the 3s transition to the 1.77 MeV
X /  z
state in 139La is out of phase with the experimental data, as it is 
for the £ = 1  transitions to the 1.21 and 2.31 MeV states in 139La and 
the 1.17 MeV state in 143Pm (see figures 33, 34 and 40), this would 
strongly affect the fitting procedure and hence the spectroscopic 
factor. Thus the spectroscopic factor for this state should be viewed
with caution.
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CHAPTER 5
SUMMARY AND CONCLUSIONS
This chapter presents a summary of the results and the main
7 6conclusions drawn from this study of the ( Li, He) reaction on the 
N = 82 isotones.
The elastic scattering data were well described by the optical 
model.
The deduced optical model
parameters were used in an EFR-DWBA analysis of transitions to states 
in 139La, 141Pr, 143Pm and 145Eu. The quality of the DWBA fits to the
transfer data and the forward peaking of the data, indicate that the 
( Li, He) reaction on the N =82 isotones proceeds predominantly by a 
direct one-step stripping mechanism. Furthermore, since L = 0, 4 and 5 
can only give 1/2+, 7/2+ and 11/2- spin and parities in these nuclei, 
this provides an opportunity of testing the DWBA calculations. Over­
all the agreement is good, especially where the statistics are good 
enough.
Spectroscopic factors were also extracted in the present study, 
and the relative spectroscopic factors obtained are in good agreement 
with those obtained from the light-ion reaction ( He,d), (refs. 55,
60, 61).
The main aim of this work was to use forward angle j-dependence
to distinguish between d and d states. Table 13 shows spins5/2 3/2
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TABLE 13
Spin assignments to d-states
Nucleus State
(a)
7TJ
(b)
139La 0.166 5/2 + 5/2 +
1.56 5/2 + (3/2 + )
1.85 3/2 + (3/2+,5/2+)
1.96 3/2 + (3/2 + ,5/2 + )
141Pr 0.0 5/2 + 5/2 +
1.61 5/2 + (3/2+)
1 4 3 Pm 0.0 5/2 + 5/2 +
1.40 3/2 + (3/2 +)
1 4 5E u 0.0 5/2 + 5/2 +
1.042 3/2 + (3/2 + )
1. 76 - (3/2 +)
1.84 - (3/2 +)
(a) This work.
(b) Ref. 62.
assigned to d-states from this work, together with previous spin 
62)assignments, (and tentative assignments), for these levels. Spins
could not be assigned to the d-states at 1.76 MeV and 1.84 MeV in 
14 5Eu due to the lack of forward angle data.
Figure 43 is a synopsis of the (7Li,6He) results. The excitation 
energies are noted by vertical positioning and the magnitudes of the 
spectroscopic factors are indicated by the extent of the horizontal 
lines marking each level.
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F i g u r e  S y n o p s i s  o f  ( ^ L i , ^ H e )  r e s u l t s .  A l l  l e v e l s  o b s e r v e d  i n  t h e
s t r i p p i n g  s t u d i e s  a r e  i n d i c a t e d .  The e x c i t a t i o n  e n e r g i e s  
a r e  n o t e d  by v e r t i c a l  p o s i t i o n i n g  and t h e  m a g n i t u d e s  o f  
t h e  r e l a t i v e  s p e c t r o s c o p i c  f a c t o r s  i n d i c a t e d  by t h e  e x t e n t  
o f  t h e  h o r i z o n t a l  l i n e s  n a r k i n g  e a c h  l e v e l .
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In the usually accepted ordering of the single particle orbits
above Z=50, the lg . and 2d orbits come lowest in energy, being//2 5/2
almost degenerate with each other, while the 3 s ^ 2, ^ 3/2 ^11/2
orbits lie about an MeV or so higher. From figure 43 it is seen that 
the ground state of 139 La has J77 = 7/2+, and the first excited state 
has J71 = 5/2 + . For 141Pr, 143Pm and 145Eu this sequence is reversed, 
the ground states having J7T=5/2+. In 139La, 141Pr and 143Pm, the 
5/2+ and 7/2+ states are separated from higher excited states by an 
energy gap of about 1 MeV, whereas for 145Eu this energy gap is less.
The total observed l h ^ ^  strength is found concentrated into a 
single final state, with the exception of the weakly excited state at
1 o q2.40 MeV in La which has tentatively been assigned a spin and 
parity of 11/2- . Similarly, the 3s strengths are concentrated into
_L / Z
13 9one state each in the three heaviest nuclei studied, but in La 
significant fragmentation is observed.
The most significant result emerging from this work is the
assignment of 5/2 to the second d-states in La at 1.56 MeV and in
141Pr at 1.61 MeV. The second d-state in 143Pm is a d state atJ/ z
1.40 MeV, and no states were observed above this energy. Again, in 
14 5Eu, the second d-state is a s^a^e 1*042 MeV, however d-
states were observed at 1.76 MeV and 1.84 MeV. The final state spins
of these states could not be determined due to the lack of forward
angle data, and are shown in figure 43 with their tentative spin
assignments of 3/21 from reference 62. It is possible however, that
one of these states may indeed have a spin of 5/2+, and since these
states are very weakly excited, it is also possible that a weakly
14 3excited d . state also exists in Pm between 1.6 -1.7 MeV, but was 5/2
not observed above the background in this work due to low statistics.
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A s t a t e  a t  1 . 6 4  MeV was o b s e r v e d  i n  t h e  1/+i+S m ( t , o<) ^ ^ P m  r e a c t i o n , ^ ^  
how ever  t h i s  s t a t e  was so w e a k ly  e x c i t e d  t h a t  no J 17" c o u l d  be a s s i g n e d .
y 1 i t  1
The a s s i g n m e n t  o f  7 / 2  t o  t h e  s t a t e  a t  1 . 6 7  MeV i n  P r  i s  
c o n s i s t e n t  w i t h  t h e  s y s t e r a a t i c s  o f  t h i s  e n e r g y  r e g i o n .  A s t a t e  a t  1 . 6 0  
MeV i n  "*4^Su p o p u l a t e d  by t h e  ^^SraC^He , d )  7^ E u  r e a c t i o n ^  * ha s  b e e n
g i v e n  a  t e n t a t i v e  a s s i g n m e n t  o f  7 / 2 + . T h e r e  a r e  a l s o  s e v e r a l  7 / 2 +
139s t a t e s  t h o u g h t  t o  e x i s t  i n  La w h ich  c o u l d  be c o n t a i n e d  i n  t h e  u n ­
r e s o l v e d  s t a t e s  a t  1 . 7 7  MeV i n  t h i s  w ork .
As m e n t i o n e d  i n  s e c t i o n  4 . 2 . 1 ,  s l i g h t  p h a s i n g  p r o b l e m s  were  
e n c o u n t e r e d  w i t h  DWBA f i t s  t o  t h e  s ^  s t a t e s  a t  1 .21  and 2 . 3 1  MeV i n  
^ ^ L a  and a l s o  t o  t h e  h s t a t e s  a ^ 1*42 and 2 . 4 0  MeV i n  1^ L a .  DWBA 
c a l c u l a t i o n s  were  made f o r  a v e r a g e  s i n g l e  p a r t i c l e  e n e r g i e s ,  t o  s ee  i f  
t h i s  had  any e f f e c t  on t h e  p h a s i n g  p r o b l e m .  F i g u r e  44 shows t h e  DWBA
c a l c u l a t i o n s  f o r  d i f f e r e n t  f i n a l  s t a t e  e x c i t a t i o n s  a s  w e l l  a s  f o r  t h e
139a v e r a g e  s i n g l e  p a r t i c l e  e n e r g i e s ,  f o r  t h e  s ^  and  h s t a t e s  i n  La
141
and  f o r  t h e  an<* ^ 5 /2  s t a t e s  i *1 P r .  As can  s e e n ,  no d i f f e r e n c e
i s  e v i d e n t  i n  t h e  p h a s e  o f  t h e  c a l c u l a t i o n s ,  o n l y  t h e  o v e r a l l  m a g n i t u d e s  
a r e  d i f f e r e n t .
The a v e r a g e  s i n g l e  p a r t i c l e  e n e r g i e s  and  t h e  summed s i n g l e  
p a r t i c l e  s t r e n g t h s  a r e  g i v e n  i n  t a b l e  14 .  The summed s p e c t r o s c o p i c  
s t r e n g t h s  s h o u l d  t h e o r e t i c a l l y  n o t  be g r e a t e r  t h a n  o n e .  The t r e n d  o f  
t h e  s p e c t r o s c o p i c  s t r e n g t h s  shown i n  t a b l e  14 ,  a g r e e  w e l l  w i t h  n a i v e  
e x p e c t a t i o n s  a s  more p r o t o n s  a r e  ad d ed  t o  t h e  82  n e u t r o n s .
The c o m p re h e n s i v e  v iew o f  t h e  N=82 n u c l e i  t h a t  i s  d e v e l o p e d  i s  
one o f  c o n s i s t e n t  s i m p l i c i t y  i n  t e r m s  o f  t h e  s h e l l  m o d e l .  The 
d o m in a n t  f e a t u r e s  o f  t h e  o d d -m a s s  l e v e l  s t r u c t u r e s  can  be d i s c u s s e d  i n  
t e r m s  o f  a p r o t o n  i n  one o f  t h e  f i v e  g d h s  o r b i t s  c o u p l e d  t o  c o r e  
c o n s i s t i n g  o f  c l o s e d  s h e l l s  o f  82 n e u t r o n s  and  50 p r o t o n s  p l u s  (Z -5 0 )
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Figure 44. DV/BA calculations showing the expected dependence of the 
data for different excited states. The solid curve in 
each case is the calculation for the average single 
particle energy.
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protons paired off in the lg . and 2d . orbits.7/z 5/ Z
To conclude, the use of the (7Li,6He) reaction in determining 
final state spins, when only the £ assignments are previously known 
from light-ion work, is shown to be a valuable spectroscopic tool.
n % cThe present data have extended the range of the ( Li, He) j-dependence
systematics into this new mass region.
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